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Even  if  a Boltzmann  distribution  exists  for  the  population  of  nolecules 
in  various  energy  lovels,  it  is  not  possible  to  obtain  a satisfactory 
interpretation  of  experimental  data  by  the  use  of  conventional  procedures 
unless  the  product  of  maximum  spectral  absorption  coefficient  and 

optical  density  X is  sufficiently  small.  detailed  calculations  are  presented 


vhich  show  that  the  experimental  results,  which  suggest  an  anomalous  rotational 
temperature  for  the  2 - state  of  OH  in  lov-preoauro  combustion  flames, 

can  be  accounted  for  by  usin(;  Buff iciently  largo  values  for  PFiaxX.  Tcnventioral 


plots  for  the  determination  of  population  tcr-craturos  for  en  isothsnral 
emitting;  system  at  .'jOOO°K  nr<  summarised  for  the  P_-  and  p£~  branches  of  tho 
(0,0)-  ' and  of  OH  for  2^T  — * 27T“ran9iti0I1B*  Apparent  population  temperatures 
up  to  19,000  K are  obtained.  Particularly  noteworthy  is  e falling  off  in 
intensity  for  the  higher  rotational  energy  levels,  which  can  be  seen  to 
represent  a natural  consequence  of  the  fact  that  the  maximum  spectral 
omiBaivity  decreases  rapidly  with  increasin':  rotational  energy  of  ths  initial 
state,  (lection  II ). 


Representative  absorption  studies  for  the  determination  of  rotational 
temperatures  in  iBOthemal_  systems  have  bee  . analysed  for  tho  P.-  branch, 
(0,0)-  load,  2~[T  2 transitions  of  ;K  at  3000  K.  The  calculations 

show  tha  t erroneous  int  -rprotation  of  experiment  cl  results  occursif  the 
product  of  maximum  absorption  coefficient  (;-nix)  and  optical  density  (X)  is 
not  small  compered  to  unity.  Sample  calculations  for  a blackboJy  light  source 
show  that  the  customary  procedure  for  treating  experimental  results  will 
permit  adequate  cor: elation  of  the  data  by  strai^t  lines  up  to  relatively 
lajrge  values  forPr^X.  It  is  renarkablo  th  .t  the  preceding  statensns  remains 
true  even  undor  conditions  ir.  which  cmissioa  lata  for  the  **  7~  — * 2 J; 
transitions  clearly  indicate  that  l,nnxX  is  no  longer  snail  compared  to  'unity. 
The  a;  parent  rotational  temperature  of  the  . round  electronic  state  v;ixies 
by  only  a few  hundred  degrees  when  tho  tempo r'.ture  of  tho  light  sourco  is 
increamd  iron  3500°K  to  800C°K,  the  direction  of  the  change  being  such 
that  the  apparent  tcnperature3  of  the  r.baorjor  are  the  more  noarly  in 
agreement  with  the  actual  tenperaturo  of  th.  Tiamo  the  higher  the  temperature 
of  the  light  source.  The  calculations  emphasize  the  fact  that  correlation 
of  experimental  data  by  strai^it  lir.os  is  no  assurance  that  an  error  in 
interpretation  ie  not  being  aside.  (Section  III). 


* Supported  by  the  ONE  under  Contract  Nonr- 220(03),  NS  015  210, 
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Ilopresmfcpt?  vo  cnJlculntion.'  to  de  to  mine  obsorvablo  peak  and  total 
Intensity  rrtlos  in  emission  for  9pactral  linei  with  Doppler  contour  -rare 
been  c.*  rrisd  sut  for  ^ ]]“  transitions,  (0,0)-  band,  Pjy  bionch  of 

OH  nt  L G00°r. . Tlie  calculations  show  that  the  ratloe  of  peak  and  total 
intensities  r. re  functions  of  atoMBMAOMH  the  products  of  maximum 
absorption  coefficients  (Prmx)  optical  deiaity  (X)  for  the  lines 

under  study.  Hence  quantitative  intorpretatio r of  experimental  data  la 
not  alvnys  po3s*i.'lo  unless  proper  account  is  taken  of  the  influence  of 
absolute  intensities  on  experimental  results.  (Section  IV). 

qu-ntitr tivo  calculations  Have  been  carried  out.  of  apparent  rotational 
tenporr  t’.iroo  in  trnt  hr  re-vi  37? terns  containing  ion-equilibrium  distributions 
of  OH  jt  3GCG°E  nnd  at  6000° K.  The  calculations  on  the  Pp-  branch,  £ "Jp 

transitions,  indicate  that,  in  the  absence  of  self-absorption,  conventional 
plots  t hoy in,;  discontinuities  necessarily  over istinate  one  and  underestimate  the  other 
of  the  hnovn  ten.  em tur.-a  o f cOCO°K  and  CCC0°K . (Section  7). 

quantitative  calculations  cn  the  nature  of  distortions  produced  when 
an  isothermal  region  at  3000°;.  is  viewed  throu:;h  an  isothermal  region  at 
15CC°X  show  that  the  presence  of  a non- isotheroal  field  of  view  nag nifies 
the  dlctortion  produced  by  solf-nbsorption  clone.  (Section  71 ). 

Jr  the  b'.sifi  of  the  non-rontroversial  quantitative  calculations 
described  in  Sections  U to  VI  for  idealized  systems,  some  speculation* 
regarding  the  significance  of  reported  flohe  temperature  anomalies  for  OH 
are  presented  in  Section  VII. 


I.  I.nROJJCTICN 

frperimcntnl  studies  of  population  temperatures  in  flames  have  been 

^ ■ ■ 2 H— 

reported,  by  different  investigators,  for  the  “ 2__  11  transition* 

12  13  4 

in  flcro3  r.t  Ley  pressures  * " and  at  atmospheric  pressures.  * * VVhea 

12  4 

the  axr.crincntal  data  are  trusted  according  to  conventional  techniques,  * 
the  plots  which  < re  used  for  the  determination  of  rotational  temperature* 
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f*  J*  “d  H‘  ®«  Volfhard,  Proc.  Hoy.  Soc.  (London)  A1 

Ails,  89  (1949);  AS&.  561  (1950);  A201.  570  (1950);  A20C.  “ 
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3.  S.  leaner,  M.  Gilbert,  and  D.  Vaber,  J.  Chm.  Phys.  30,  522  (1953). 
?r*detall!d  S^ocription  of  the  low-pressure  flam*  apparatus  see 

"3he  Investigation  of  Lo**raasux»  Hemes",  Beport  Mo.  4-54 
(Jot  Propulsion  Laboratory,  Pasadena,  Augnst  30,  1949). 


H.  P.  Broida  end  K.  I.  Shuler,  J.  Chan.  Fhyo.  ££,  168  (190B). 
H.  P.  Broida,  J.  Chan.  Phys.  Jg,  1383  (1961). 
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are  sometimes  found  to  exhibit  discontinuities  or  curvatures  both  in  the 

of 

regions  of  snail  andAlarge  vtluoe  of  the  rotational  energy  3(E)  of  the 
initial  (upper)  state.  Otoe  •’discontinuitieD*  observed  for  email  values  of  X 
hare  been  variously  attributed  to  the  formation  of  OK  in  the  excited 
electronic  state  by  different  chemical  reactions  loading  to  a blrcodal 
distribution  of  population  dmaitios,  * to  falsification  of  experimental 
data  by  absorption  cf  emitter  radiation  by  cooler  gao  layers  through  which 
tho  flame  is  viewed,  and  to  self-absorption. w The  curvatures  observed  for 
large  values  of  X have  been  interpreted1  to  indicate  predissociation  accord- 
ing to  the  process 

or  (2  Y-  *)  0HC  Yi  ^ ♦ )“as>- 

In  a previous  publication^  wc  have  called  attention  to  the  fact  that  the 

7 

beet  available  intensity  estimates  on  OH  indicate  that  tho  product  oX  the 

naxinca  absorption  coefiicier  t ? end  of  the  optical  donoitj  of  the  emitters 

not  small  compared  to 

X if  unity  for  the  nc-e  intense  spectral  lines  cf  OH 

in  representative  low-pressure  flames.  In  order  to  obtain  reliable  quantitative 
data  upon  which  a rational  interpretation  of  flame  spectra  can  be  breed, 
we  shall  investigate  thcoxeti cally,  as  an  essential  stop  in  the  interpretation 
of  fleae  spectra,  the  radiation  characteristics  of  various  idealised  systems 
both  in  emission  and  in  absorption. 


5 G.  H.  Dieke  and  K.  M.  Crouawhite,  The  Ultraviolet  Bends  of  UH. 

The  John*  Hopkins  University,  Bumblebee  Series  Report  Ho.  87,  1948. 

® S.  S.  Fenner,  J.  Chom.  Phys.  507  (1958). 

C 7 S.  J.  Dwyer  and  0,  Oldenburg,  J.  Chen.  Fhys.  ig,  351  (1944);  0-,  Oldenberg 

and  F.  F.  Kieke,  J.  Chsa.  Phys.  £,  439  (1938). 
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In  Section  II  we  examine  quantitatively  ilia  effoct  of  tho  size  of 

on  apparent  population  temperature*  in  isothermal  eysteiaa  for 

emission  experiments.  This  study  leads  us  to  tho  conclusion  that  nos';  of 

the  experimental  data  could  be  accounted  for  by  a population  temperature 

which  ie  closo  to  the  adiabatic  flame  temperature.  Thus,  the  quantitative 

calcuiationo  are  in  agreonon  ; with  Pleke'o  remarks  that  the  observed 

discontinuities  or  curvaturoyfor  small  values  of  mav  he  the  result  of 

aelf-nbsorption.  Furtheroori,  an  apparent  falling  off  in  intensity  fer 

in  part, 

largo  values  of  E^.  could  aleo  Jul  the  result,^ of  falsification  cf  experimental 
data  by  self-absorption. 

In  Section  III  we  indicate  briefly  pop  sibli  offsets  o ' large  valuer.  of 
p X on  apparent  population  temoraturos  1q  ' obtained  in  absorption 
experiments  for  spectral  lin-e  with  Doppler  contour.  Tha  results  of 
calculations  for  ^ transiticno  of  OH  and  tha  (C,0)~  bend  show 

that  the  apparent  population  temperature  it  strongly  dopondent  on  tho 

numerical  value  of  ?mn^X  and  relatively  insensitive  xo  tho  temperature 
of  tho  light  source,  as  long  as  the  source  is  appreciably  hotter  than  the 
flame. 

In  Section  IV  quantitatwe  calculations  aro  described  on  tho  influence 

of  absolute  values  of  epectr.il  enissivitles  on  the  uoa  of  the  isointoi.city 

methodh?’ ^ Representative  calculations  have  bean  ca.rried  out  for  * ^ ^ TT” 

o 

transitions  of  OH  at  3000  X for  the  (0,0  )-  band  and  tho  blanch.  The 
results  of  tho  present  analysis  show  that  temperature  anomalies,  obtained  by 
use  of  the  ioointenaity  method,  could  be  tho  result  of  failuri  to  allow  for 
the  of  feet  ofMW  value  i of  the  spectral  enissivity  on  tha  peak  and 
total  intensities  of  spectra,  lines  with  Dopplor  contour, 

8 


X.  E.  Shuler,  J.  Chen.  Phys.  i£,  1486  (I960) 
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Ia  Section  7 the  radiatfon  characteristics  non- 

equilibrium  mixture  of  OH  ar<>  investigated  in  terms  of  conventional  and 

isointansity  methods  for  the  interpretation  of  emission  experiments*  These 

calculations  show  that  even  lor  ■■■■■■.  systems  without  self-absorption 

tho  interpretation  of  experir  antal  data  is  not  unambiguous  as  long  as 

conventional  plots  show  any  cevia;ions  fron  linearity.  Furthermore,  at 

of  the  3huler-type 

least  for  tho  P^-  branch,  lirear  ioc intensity  plots^are  no  aesuranoe  for 

thermal  equilibrium  of  the  eiritter. 

In  Section  VI  a simplified  mdel  is  used  to  study-  the  simultaneous 
distortion  of  experimental  dr  ta  by  the  combined  effects  of  aelf~absorpticn 
and  tenpjrature  gradients,  iheue  studies  show  that  observation  of  a hot 
isothermal  region  through  a r color  gas  layer  accentuates  the  distortion 
produced  in  conventional  plo- s for  tho  interpretation  of  emission  data. 

The  material  presented  Jn  Sections  II  to  VI  rests  on  accepted  procedures 
for  tl.o  Analysis  of  radiating  systems  and  spectral  lines  with  Doppler  contour. 
The  results  obtained  arc  not  applicable  to  rn :1  flames  witnout  conjectures. 
However,  on  tho  basis  of  the  quantitative  studies  described  in  Sections  II 
to  VI,  some  words  of  caution  regarding  the  acceptance  of  anomalous 
population  temperatures  for  CH  appear  to  be  justified.  (Section  VII). 

II.  THi!  rJFFiCT  OF  SHLF-ABSOJi-TION  O'.I  APPARENT  POPULATION  T^LLRATUltfS  IN 
LhlSSIOlI  xDCPLdlllnNTS 

The  effect  of  instrumental  distortion  on  experimental  date  will  be 
neglected  in  the  present  discussion.  For  tne  sake  of  simplicity,  a complete 
analysis  will  be  carried  out  only  for  studies  involving  peak  intensities. 

It  is  shown  in  Appendix  I that  ths  results  obtained  for  total  intensities, 
for  representative  calculations,  are  similar  to  those  obtained  for  peak 


intensities.*  Hence  the  applicability  of  the  principal  conclusions  reached 
in  the  following  discussion  uepondc  only  on  the  experimental  determination 
of  vplid  relative  peak  or  integrated  intensities  for  different  spectral  lines. 

A.  fguatjor-.s  .for  the  flatamlaatlon  of  .Apparent  Population.  Temperatures 

For  opoctral  lines  vith  Dopplor  contour  the  maxi nun  observable  intensity 
in  emission,  I is  given  by  the  relation 

I » H°(V  o ; I 1 - exp  (-F  X)1  (1) 

max  X u L * max  J 


where  denotes  the  ntonaity  of  radiation  oriitted  by  a blackbody, 

which  ia  at  the  sane  tempera4 uro  Tu  as  the  gaseous  emitters  under  study.  The 
frequency  18  obtained  iron  the  values  of  the  upper  (2^)  and  lover 

(2^)  enjrgy  levels  by  use  o:  the  bohr  frequency  relation.  For  spectral 

r>  ' 

linos  with  Dojpler  contour  i4  is  well-known  that  = S ^ ^ (nc.^/ZW^T^ 2); 

where  io  the  integrated  intensity  for  ths  transition  under  study,  a 

equals  the  nasa  of  the  radia'or,  c ia  the  velocity  of  light,  k represents  the 

g 

Boltzmann  constant,  and  it  the  translational  temperature.  let 

£‘-W  B°('>iu)  (2> 


and 


- V 


rax 


(3) 


whence  it  follows  that 

<>o 

^ 

- £ 1 «=  £ x11  /a  I ■ exp  (x)  - 1. 

n = 1 


(4) 


• In  goneral,  peak  intensity  ratios  are  obtained  if  the  instrumental  slit 
width  is  small  compared  tc  the  line-width,  whereas  total  intensity  ratios 
are  measured  when  the  instrumental  slit-width  is  large  compared  to  the 
line-width. 
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It  la  evident  that  £ 1 represents  the  maximum  value  of  the  spectral 

emitted 

eraissivity  for  the  ■■■■■  spectral  lines.41  If  the  population  temperature 
of  the  emitter  is  defined  in  the  usual  way,  then  £•  1. 

By  using  3q.  (1)  and  the  defining  relations  for  £ ' and  x it  is  readily 
shown  that 

-x=  £*  [ 1 + + <l/3>  <£*)2+  U/4)  (£»)3*  ...]*  -Jin  (1  - £*)•  (5) 


For  very  snail  values  of  £ 1 , In.  (5)  lends  to  the  usual  result,  vis,  - x = £*  or 


(S^u  X)  (. "10*72 rr k Tts)^  2)*  = for  £»  <<-  1, 


(6) 


From  an  appropriate  expression  for  S and  3q.  (6),  it  is  readily  shown  that 


[W(V/a)J  (qZi)2. 

b 2 
w 


k* 


for  £*  «.  1 


(7) 


u 


where  ia  the  statistical  weight  of  the  uppor  (initial)  energy  state  and 
q is  the  matrix  element  for  the  transition  under  study. 

If  £.*  is  not  small  compared  to  unity  then  it  is  no  longer  possible 

numerical 

to  obtain  the  value  of  in  a simple  manner  unless  ■■■■  values  of  £>  are 
available. 


B.  A Method  for  Danonstrat  [nr  the  Sffoct  of  ■:~-1  f-Abso notion  on  Apparent 
PoTvJLetion  tores  of  OH  ( 2-  — » (j Tran sij ionn)^. 

be  proceed  now  to  examine  quantitatively  the  effect  of  the 

values  of  £ 1 on  aparsnt  population  tmnperatures  determined  according  to 

3q.  (7). 


• Representative  values  of  £ ’(1)  for  low-pressure  flames  lie  between  0.3 
and  .'.90.  In  order  to  utilize  the  data  given  in  Table  II  of  Kef.  6.  for 
the  calculation  of  £.*(1)  care  must  be  taken  to  use  for  X the  optical 
density  of  emitter  in  the  ground  level  involved  in  a given  transition. 
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nots  of  log [ i )3sa  (1Xu)2]  “ a function  of  ^ can  b« 
con*  true  tod  for  various  assumed  raluaa  of  £ * by  proceeding  according  to 
the  scheme  outlined  "below. 


(1)  Assume  a value  of  for  example,  for  tho  P^-  branch,  (0,0)-  band, 
for  the  transition  identified  by  tho  index  K * 1,  usirvj  tho  notation  of 
Dieke  ar.d  Crosevhite.^  It  ia  then  evident  fro n Hqs.  (1)  and  (2)  that 

(1>max  X)x  m 1 = * 2,303  l0S  [ 1 “ = 1)]  • 0 

(2)  Oloulato  the  ratio  S ^ (X)/S^u(K=  l)  from  the  expression 


* a)  aJ  v/c  «>  j J 

S/u  lfcl)  <K=1)[ni(bl)  ] ^u(fel)  ( J 

i^xp[hV^a  C<)/w]  - 1 x jexp  [hv^u(K»l)/kT]  -lj  1.  (9) 

The  firct  fraction  appearing  on  tho  ri.~ht-l*and  sido  of  dq.  (9)  is  ^ivon  by 

9 

results  obtained  by  Hill  and  Van  Vleck  as  written  ia  convenient  fom  by 

"*0  g 

£arls~  and  tabulated  by  Die-te  and  Crosswhite.  Tho  quantities  V£  u(h)  and 

^(K)  have  also  been  tabulat3d.  Helafcive  intensities  of  siieotral  linos 

bolour.ing  to  the  and  Pg-  branches,  (0,0)-  band,  — » 2 |J  transitic 

of  OH  at  3000°K  are  ftiven  in  Table  I. 

(3)  Determine  (P_  X)v  froe  tho  relation 
max  iv 

3/?n  (K)  Vp 

(?nax  X\  * (Paax  X)K  - 1 * sT^lSlT  * o a .  9  (10) 


transitions 


9 £.  Hill  and  J.  H.  Van  Vlsck,  Phys.  Hev.  52,  250  (1928). 

10  1.  T.  iarls,  Phys.  Bow.  ifi,  423  (1935). 


and  evaluate 


£'  (K)  « [l  - exp  -(1^  X)K]  . 


(11) 


(4)  Calculate 


‘Wr  £1  <K>  [rC  u>]  K-  <12) 

(S)  Finally  c-ilcul.-te  io£  (!_)„  ~lo£  ( i:  (K>  [-1  fil*  (K}"|3  I : 

plot  t h.  3 quantity  as  a function  of  2 (K).  ?ror.  the  slope  of  this  plot 
determine  the  appurint  population  temperature  T • in  the  usual  way  by 
applying  Eq.  (7). 


The  ~e3ult3  of  calculations  carried  out  according  to  the  schema  outlined 
abovo  r.~'  nun1  arlrwl  in  Fig.  1 for  the  P^-  branch  for  various  aasunoi  values 
of  £.*  (1),  lr.  Jig.  2 for  the  F^-  and  Pg-  branches  with  £ 1 (1)  = 0.90  for 
the  F^-  branch,  and  in  Fig.  ? for  the  F^-  and  Fg-  branches  with  £*  (1)  = 0.50 
for  the  F^~  branch . 

2,  Discussion  of  Results 

Annlycis  of  the  data  listed  in  Fig.  1 lead*  to  the  conclusions  enumerated 
below. 

(1)  For  sufficiently  snail  values  of  £'  (1)  the  apparent  end  true  values 
of  the  population  temperatures  arc  identical  si.nco  Eq.  (7)  applies  in  Good 
approximation.  This  result  is,  of  course,  well-known. 

(2)  Aj  the  vflue  of  £*  (1)  is  increased,  the  plots  constructed  according 

to  Eq.  (?)  show  Increasing  curvature  for  tho  more  intense  rotational  line* 

until  for  £ * (l)  - 0.5  anJ  greater  the  uonstmetod  curves  simulate 

anomalous 

population  temperatures  which  are  of  the  same  order  of  magnitude  as  t,heA values 


reported  for  flows.  It  is  easy  to  see  how  a linitod  number  of  experimental 
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polnta  between  X * 3 and  K *»  20  could  be  correlated  by  two  intersecting 
straight  lines.  Apparent  population  temperatures  Tq3  obtained  for  lines 
with  10  £ K •£  18  for  the  P1~  branch,  (0,0)-  bond,  and  2 JT  ->  2 Iff 
transitions  of  OH  at  3000°K  are  listed  in  Table  II  as  a function  of  the 
assumed  value  of  £'  (1). 

(3)  For  sufficiently  large  ''aloes  of  X,  all  of  tho  curves  become  parallel 
indopenduntly  of  the  assumed  values  of  £‘  (l).  Thus  all  of  the  experimental 
data  yield  apparent  population  temperatures  which  are  in  agreement  with  the 
true  value  of  the  population  temperature.  Keuco,  by  extending  experimental 
studies  to  sufficiently  large  values  of  K,  it  is  always  possible  to  obtain 
unambiguous  estimates  of  the  true  population  temperature. 

Ill  THE  EFFECT  OF  SKLF-ABSOli'TlON  ON  HVAU.7V:  iOHJLATION  TillFHHATUitiS  IN 

Ai350Id;TT0N  ^XlFRIf'SNT 

At  thermodynamic  oquilitrlum  the  spectral  enissivlties  and  ebsorptivities 
e-rising  from  a given  transition  are  identical-  Hence  it  13  to  be  expected 
that  falsification  of  experimental  data  in  absorption  experiments  naeds  to 
be  considered  whenever  self-abscrution  is  lxovn  to  be  of  importance  in 
emission.  The  following  onal/sis  is  restricti  1 to  the  use  of  ^oak  intensities 
for  the  crJL culatioa  of  population  tonijeratures.*  Instrumental  distortion 
will  bo  r.oglected  as  in  Section  II. 

A.  _ Sn;»tlo>  8 for  the  Determination  of  Apparent  Population  Tenperatu.rea 

la  an  absorption  experiannt  with  a source  which  is  much  brighter  than 
the  emission  lines  aad  which  omits  the  spectral  radiant  intensity  B^V),  the 
maximum  value  of  the  fractional  absorbed  intensity,  0C  * * Ateax/Ng(\^£u), 
is  given  by  the  expression 


* Tho  uso  of  apparent  total  absorption  measurements  is  discussed  briefly 
in  til  Appendix  ZZ. 
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( CX  J * 1 - exp  X)  (13) 

whscoe,  proceeding  at  for  ealseionj 

oo 

- CX  • * ZH  X n/nt 
n » 1 

and 

-x«tt»[l  + £ CX  * + (1/3)(CX»)2  + (l/4)(OC*)3+  •“].  (14) 

For  CX  * « 1,  2q.  (14)  reduces  to  the  expression  -x  = O*  or 

(S^u  « <™2/3»i.  t,  »£  tt2)4  -•%„./*,  (V^u)  <“> 

where® 

S^u  X 2d  (8U  V3hc  ti)  u q^g  [exp  (-3^  /k  )].  (16) 

Here  is  the  population  toaperature  of  the  ground  (initial)  state-  in  an 

g 

absorption  oxporinent.  Fron  .iqs.  (15)  and  (16)  it  is  readily  shown  that 
for  groytody  emitters,  with  the  effective  temperature  of  the  source,  Tg,  large 
coopered  to  l£  , 

2—  • (17) 

as4 

It  is  evident  that  can,  in  general,  be  determined  only  if  absolute 
values  of  CX  » are  known. 

B.  J.  :;ethoa  for  Demonstrating  the  affect  of  3elf-Abso ration  on  Apparent 

poBaifitlaa  j>t£Zl2  IE  jz*.  2 S^taaaUlaaftl 


( 


.1  e proceed  to  exanine  quantitatively  the  effect  of  absolute  values  of 
0<  • on  apparent  population  tenpsraturee  determined  according  to  £q.  (17), 


-13- 

Plot*  of  log  C AMaT/ew  (q J?u)2]  &•  a fraction  of  can  be  constructed  ty 
asinc  the  following  acheo*. 

(1)  Aasuao  a value  of  <X  \ for  example,  for  the  branch,  (0,0)-  band, 
for  tha  ’•.ransition  Identified  by  the  index  K « 1,  using  the  notation  of  Oioke 
and  Cross.v/hite.  Next  calculate  CX*(X)  b y using  the  ease  procedure  as  vaa 
used  to  obtain  the  oaxlnum  vrlues  of  the  spectral  eaissinty  for  the  line 
With  inuox  K.  (Sf.  Section  II), 

(2)  Calculate 

w <«) 


assuming  a blackbody  distribution  curve  for  the  source  at  the  temperature  C?_. 

5 


(3) 


Calculate  log 


^AnaxV, 


and  plot  this  quantity 


as  a function  of  B^(K).  Fron  the  slope  of  this  plot  detem5.no  the  apparent 
population  temperature  ' in  tho  usual  way  by  applying  Sq.  (17). 

Thu  rosults  of  calculationc  carried  out  according  to  the  scheno  outlined 
above  arc  surmarized  in  Figs.  4 to  7 for  CX  ’ (fc=l)  of  P^~  branch  = 0.1, 

0.3,  0.7,  and  0.9,  rospcctive \y,  for  two  or  more  values  of  the  source 
tenperature  Tg.  Apparent  population  temperatures  for  the  relevant  assuned 
conditions  are  Indicated  in  Figs,  4 to  7. 


C.  PlPcusBion  of  ha suits 

Analysis  of  the  data  presented  in  lids.  4 to  7 leads  to  the  conclusions 
enumerated  below. 


(1)  Fxperimantal  data  treated  according  to  conventional  procedures  permit 


correlation  of  result*  by  linear  plot*  even  for  values  of  0( » (K»l)  of  the 

Pj-  branch  which  are  so  larg  that  T £ * diffors  appreciably  from  T . 

Hence  absolute  values  obtained  for  T^ 1 cannot  bo  considered  to  be  meaningful 

without  convincing  proof  tha;  P_  X is  sufficiently  snail  for  the  spectral 

max 

lines  under  study  to  Justify  conventional  treatment  of  data. 

(2)  Apparent  population  ternerature*  T^  * are  always  larger  than  . The 
dlfferor.ee  between  T £ 0 and  decreases  eonevhat  ns  the  temperature  of  the 
light  source  is  increased,  f jV  fixod  valuoc  of  P X.  Howover,  the  apparent 
tenperatures  aro  relativoly  Insensitive  to  the  numerical  value  of  T , 

W 

decreasing  by  only  a few  hunirid  degrees  as  T™  is  raised  fro  a 3500°X  to  BOOO°K 


(3)  for  sufficiently  largo  values  of  (X  ’ (K-=l)  for  tho  P^-<  branch, 
discontinuities  or  curvatures  a:o  observed  in  the  conventional  plots  which 
are  reminiscent  of  tho  results  dtaiaed  in  emission  experiments  (Section  II). 


(4)  Sunparison  with  estimates  ol"  (X  ’ (Ksl)  baaed  on  the  eb30luta  intensity 

g 

measurements  performed  by  Olden  berg  and  Ills  collaborators,  shows  that 

SSZ-ift 

CK  * (rfe=l. ) for  the  P^-  branch^*- too  large  to  permit  the  determination  of 
rotational  temperature  by  ths  ujo  of  iq.  (17)  unless  care  is  taken  tc  utilize 
only  spectral  lines  with  large  vnlues  of  X.  The  particular  values  cf  K 
which  can  be  usod  depend  avidontly  on  the  MMB  value  of  £X'(&*1). 

Adequate  care  in  the  interpretation  of  absorption  studies,  as  veil  ac 
of  emisaion  studies,  peraits  tho  determination  of  both  the  true  rotational, 
temperature  and  of  the  concentration  of  tho  absorbing  or  omitting  species, 
provided  the  population  of  molecules  in  tho  rotational  energy  levels  obeys 
the  Maxwell-Bolt siaann  distribution  law.  Thus  data  on  spectral  lines  with 
large  X can  b*  used  to  obtain  T £ • Next  a family  of  curve*,  for  the  known 
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'nlu**  of  and  Tg,  la  constructed,  for  example,  for  different  values 
of  <X  *0M.)  for  the  Pj-  brtjich  (compare  Figs.  4 to  7).  The  data  obtained 
by  using  Eq.  (17)  for  the  lower  values  of  K can  then  be  employed  to 
determine  OC»  (fcl)  whence  the  optioal  density  X is  determined  since 

ff 

S^u  la  known. 


17.  ?K1  EFFECT  CF  S2LF-AhSCIU‘TI0];  Oil  THE  Jo.-,  OF  ISOINTJhbirY  METHODS 

Serious  attest# to  correct  for  the  distortion  of  experimental  data 
produced  by  self-absorption  have  bean  made  by  Dieke5  and  his  collaborators 
and  also  by  Shuler®  The  liritations  of  the  isointensity  method  and  the 
care  required  in  its  use  have  been  clearly  seated  by  Dieke  ani  Cross-white.5 


The  quantitative  calculations  presented  here  emphasize  tho  fact  that  it  is 
easy  to  obtain  erroneous  results  if  isointensity  methods  are  used  for  the 
*1*  branch,  it  is  clear  that  tho  errors  will  be  smaller  but  not  negligible 
if  tho  isointensity  methods  are  used  for  the  Eg-  branch,  as  originally 
proposed  by  hi  eke  and  Crosswhite  ^ mA  by  Shuler.® 


At Outline  of  Calculations 

TSiO  3poctral  linos,  which  are  differentiated  by  the  indices  K and  K», 
appear  to  have  equal  peek  intensities  1^  in  an  emission  experiment  if 

hux  (K)“  \xx  (K,)*  <»> 

w*ler®  ^max  is  c*T8n  ^ 5q»  (l).  For  various  Assumed  values  of  £ * (35=1) 
of  the  branch  at  3000  K,  it  is  e simple  natter  to  calculate  the  ratios 
IMT  W/^WflT  (&=1)  by  following  the  procedure  described  in  Section  II.  The 
results  of  these  calculations  are  sumerlsed  in  Table  III  and  represen tetivs 
Teluss  are  plotted  in  Tig.  8. 


O 
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The  spectral  lines,  whiuh  are  identified  by  the  indices  K and  £*, 
appear  to  hare  equal  total  intensities  in  emission  if 


A (X)  - A (£•) 


(20) 


where 


OO 

A(K)-[B\,»a(nca/2irMt)-»Vitt<K)][rD(i3[(K)x]2l  [(»l)*<»l)l]  ^^OCxf.  (a) 

rs=0  ■* 


By  proceeding  accorling  to  the  method  described  in  Appendix  I,  it  is 
readily  shown  that 

A(K)/A(K*)=[^iItt  J/I^K')]  [^,,<>0/ »;„<>■'>]  [ fO")/  f (:;)].  (22) 

Representative  numerical  values  of  A(K)/A(F.  ) nro  listed  in  Table  IV  and 
plotted  in  Fig.  9 for  — 2 J[  transitions  of  OH  at  3000°K  for  the 

(0,0)-  band  and  the  P^-  branih. 

B.  Discussion  of  Results 

hefcrenco  to  t io  data  listed  in  Tables  III  and  17  and  plotted  in  Figs.  8 

and  9 shows  that  the  ratios  I ('/.)/ 1 (}.*)  and  A (X)/  A.(X  ’ ) are  functions 

max  ' nax 

of  the  values  of  t 1 (Ks*  1)  .'or  the  P^«  branch,  the  dependence  cn  £*  (X=l) 

becoming  stronger  a:i  £_*  (R=l ) approaches  unity,  i.e.,  as  the  extent  of 

self-absorption  inc'eaooo.  ihis  observation  is  enphasi red  "oy  noting,  for 
example,  that  the  1 .no  having  absolute  peak  intensity  dosost  to  the  line  with 
K * o,  has  K = 13  for  £.•  (1)  = 0.1,  X = 13  for  (l)  ■ 0.3,  X = 14  for  £»  (1)  » 0.5, 

K * 15  for  v (1)  * 0.7,  X » 18  for  £•  (1)  = 0.9,  I = 19  for  £•  (l)  =>  0.95, 

and  X = 21  for  ^1)  = 0.99.  Comparison  of  the  data  given  in  Tables  III  and 
IV  and  slotted  in  Figs.  8 anl  9,  respectively,  also  ohows  that  the  effect  of 
self-absorption  in  falsifying  the  data  obtained  by  use  of  the  isointensity 
method  is  noro  pronounced  for  peak  emitted  intensities  than  for  total  Intensities. 


-16- 


C 


f 


f 


[ 

t 

p 

r 

r 

I 

i 

s 


1 


The  effect  of  self-absorption  on  population  temperatures  determined 

from  the  isointeneity  method  can  be  demonstrated  graphically  by  using  the 

□ 

procedure  developed  by  Shuler  whose  method  is  equivalent  to  the  assumption 
that  total  intensity  ratios  a(K)/a(K’)  can  be  replaced  by  the  product  of 
traneition  probability  ratios  g^K)  [* q^a(X)  j 2 /g^X’)  2 and 

appropriate  exponential  factors  for  spectral  lines  which  are  doee  together. 
Plots  of  E(K)  - S(K’)  vs.  log^  f^OO  [*.«]  2/«u(k,)  [^M2j  *r* 

shown  in  Fig.  10  as  a function  of  £’  (1)  for  pairs  of  spectral  lines  for 
Hhich  :WK)/Ima  ^K1)  is  ne*irly  equal  to  unity.  Similarly,  plots  of 
B(K)  - Z(K*)  vs.  log|  g^K)  |\jgu(K)]  [^a(K')]  2J  are  shown  in 

Jig.  11  as  a function  of  £ (1)  for  pairs  of  spectral  lines  for  which 

A(X)/A(K'}  Is  nearly  equal  to  unity. 

Reference  to  Figs.  10  and  11  shows  that  the  plots  deviate  prograr aively 
more  from  straight  lines  as  £*  (1)  is  lncrc-aeed.  Apparent  population 
temperatures  T^1  are  noted  on  the  curves  given  in  Figs.  10  and  11.  The 
results  are  seen  to  be  an  lmnedlate  consequence  of  the  dependence  of  the 
K-values  for  lines  with  aqua],  peak  or  total  intensities  on  £ * (l).  Fence 
the  conclusion  is  reached  that  the  effects  cf  solf-absorption  in  distorting 
experimental  data  do  not  necessarily  cancel  in  first  order  for  the  Isointeneity 
aethocs.  A simple  physical  explanation  for  failure  of  the  Isointensity 
Methods  at  large  values  of  the  spectral  enlssivity  is  obtained  by  noting  that 
the  quantities  H° (\>^  u)  influence  the  observable  intensities  and  that 
H°(V/u).  which  is  a function  of  temperature,  is  not  the  same  for  any 
distinguishable  pair  of  spectral  lines.  Furthermore,  equally  intense  spectral 
lines,  for  whloh  8^  (1)  - 8g  (X*)»  hare  slightly  different  widths  sinoe 
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the  Doppler  width  ! s proportional  to  the  frequency  of  the  line  center. 

Ciue  the  obvious  conclusion  is  reached  that  tho  effects  of  self-absorption 
will  cancel  exactly  only  for  equally  Intense  spectral  lines  with  line 
centers  occurring  at  identical  frequencies. 


V.  ERRORS  III  CONVENTIONAL  PROCEDURES  FOR  I SC  THERMAL  SYSTEMS  II.'  THE  AJSxHCZ 
OF  SELF-ARSON! TI  ON 

’Thereas  the  effect  of  eelf-absorption  in  producing  distortion  of 

emission  data  hae  boen  amply  discussed,  relatively  little  analytical  work 

a mixture  of 

has  beou  dono  on  the  meaning  of  discontinuous  curvae  foa^l  so  thermal  systems 
the  nbcence  of  eelf-absorptlon.  Although  the  nethoda  of  calculation 
which  we  employ  are  well-known  and  the  conclusions  to  which  they  lead  are 

almost  obvious,  it  is  somewhat  surprising  to  note  that  errors  in  interpretation 

can  be 

toOPttcsx  nado  even  for  tho  often  postulated  non-equilibrium  distribution  of 


OH.  Aside  from  emphasizing  the  need  for  care  in  dealing  with  anything  other 
than  a linear  plot,  the  present  analysis  also  serves  to  give  examples  of 
linear  isointensity  plots  of  the  Shuler-typa8  for  the  P^-  branch  wish  meaning- 
less temperatures  for  a non- equilibrium  distribution  of  OH.  ./hether  or  not 
the  R^,-  branch  is  quite  as  bad  can  be  said  with  assurance  only  aftor 
quantitative  calculations  have  boen  carried  out;  hovover,  wo  oxpect  the  errors 
to  bo  loss  pronounced.  In  this  connection  reference  should  bo  made  also  to 

the  discussion  of  the  isointensity  method  given  by  Dieke  and  Cxoeswhite,^  who 
indicate  very  clearly  under  what  conditions  the  method  is  usable. 


For  a non-equilibrium  mixture  of  gaees  containing  OH  at  300CTK  and  at 
6000°K,  the  total  observable  Intensity  A(K)  eraittod  from  the  spectral  line 
Identified  by  the  index  K with  line  center  at  V j)*u00  is  given  by  the 
expression 
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vhero  the  effects  of  self-absorption  have  boon  aaaunad  to  be  negligible. 

The  total  intensity  of  the  line  with  index  K divided  by  the  total  intensity 
of  the  line  with  index  Kali* 

G * A(X)/A(1)  - [b(X  * 6000)  + B(T  * 3000 )o]  /(I  + C)  (24) 

where 

B(T)  -f  a(K)]  S^a(X)/^[Viu(l)]  S^CdJ  t 

- [fyaW9 ia!l>]  'Pv/uV  'V J?a2\\  1 /Kt  (25) 


end 


The  non-e quil ibriun  character  of  the  OH  distribution  it  expressed  by  the  non- 
text) and  non-infinite  ratio 


r “ *3000  / *6000* 


For  r a 0 the  prosont  discussion  roduceo  to  the  analysis  of  an  isothemal 
eye  ton  at  6000°K  whereas  for  l/r  = 0f  the  rr.diation  boconer,  that  characteristic 
of  an  isothotraal  syiten  at  3000°X.  It  is  apparent  that  r must  be  considerably 


19- 


greator  then  unity  before  the  OH  with  rotational  temperature  at  3000°X 
influence  the  observed  radiation  from  the  noa-equilibriua  mixture. 

ihe  apparent  tenperataros  which  would  be  obtained  from  obeervations  of 
the  mixture  if  conventional  treatment  of  emission  data  were  employed,  is 
obtained  by  plotting  log  ^ 5/[%W^u  <1)]"*  / ‘‘SAt  Ml 

as  a function  of  ^(K).  Siiilarly,  isointensity  plots  nay  be  constructed 

8 

according  to  the  method  of  Shuler  by  noting  that  for  equally  intense  lines 
with  indecee  K and  X»,  respectively,  O(K)  « G(X»). 


ision  oi 


Interpretation  of  measured  intenaitieo  according  to  conventional 

procedures  for  analysis  of  omission  data  is  illustrated  in  Figs.  12  to  18. 

In  accord  with  expectations,  vo  find  for  r 6 10  that  the  observable 

intensity  ratios  are  pr?ctic?J.ly  those  characteristic  of  an  isothermal 

system  at  6000°K.  On  the  other  hand,  for  r ^ 106,  the  non-equilibrium 

mixture  radiates  almost  like  an  isothermal  system  at  3000°X.  For  intermediate 

obtained 

vnluo3  of  % intensities  are  xdrswacW  in  the  usual  logarithmic  plots  (Cf. 

Figs.  12  to  18)  which  can  bo  represented,  in  adequate  approximation,  by  two 
intersecting  straight  lines.  For  low  values  of  K temperatures  greater  than 
3000°K  are  obtained  whereas  for  high  values  of  K temperatures  r*SSI£r  than 
6000°K  are  obtained.  Of  particular  interest  is  the  fact  that  data  calculated 
according  to  Shuler's  lsointonoity  nothod  (Cf.  Tigs.  19  to  21)  can  frequently 
bo  correlated  by  linear  plots  oven  under  conditions  in  which  conventional 
procedures  clearly  show  discontinuities.*  Of  course,  the  slopes  derived 
from  Shuler's  isointensity  plots  are  meaningless  in  these  cases.  The  data 


* There  aro  several  obvious  reasons  for  this  result.  Thus,  without 

applying  a suitable  frequency  correction  or  using. interpolation  between 
listed  velueo  of  K,  thore  i3  considerable  intrinsic  scatter  in  the 
isointensity  plots.  Furthermore,  the  number  of  points  which  can  be  used 
to  draw  tho  final  plot  is  reduced  to  one  half.  Hence  it  is  quits  possible 
to  obtain  isointensity  plots  which  do  not  show  the  finer  details  of 
conventional  plots. 
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shovn  in  riff*.  13  to  18  are  notable  also  in  that  they  ahov  a less  marked 

difference  betveen  the  apparent  tempera tore*  for  low  and  high  values  of  K 

than  1*  usually  obtained  experimentally.  This  observation,  together  with 

the  fact  that  the  apparent  population  temperatures  are  always  too  high, 

certainly  indicates  that  as  long  as  non-linear  plots  are  obtained  a staple 

a mixture  of 

interpretation  of  observable  data  is  inadmisaable  even  forAisothemal  systems 
.In  the  absence  of  self-absorption.  Thus,  two  intersecting  straight  lines 
with  apparent  temperatures  T.  and  T0  can  be  obtained  only  by  non-equilibrium 

and  T^. 


mint  or  os  at  temperatures  lniir  than 


( 


71.  ATWVRSIT  T3a-*lLiroasS  JOB  WO  ADJACil’T  ISOTHilHMAL  REGION 3 

i’he  observable  radiation  from  real  flames  is  always 'produced  ao  the 
result  of  a non-iso thermal  field  of  view*  Without  a detailed  prescription 
of  tenporature  and  concentration  gradients  along  the  lino  of  sight  it  is 
not  possible  to  incorporate  quantitative  corrections  in  tho  interpretation 
of  experimental  data.  However,  it  is  apparent  that  the  falsification  of 
data  in  conventional  plots  will  be  similar  to  tho  falsification  produced  by 


self-abrsorption  as  long  as  a hot  region  is  viewed  through  a cooler  gas  layer. 
Vo  shall  demonstrate  this  conclusion  by  representative  calculations  on  the 
observable  omitted  radiation  for  spectral  lines  with  Doppler  contour  when 
an  1 so  thermal  region  at  3000°X  is  viewed  through  an  isothermal  region  at 
1500°K.  Ore  concentrations  of  emitter  in  tho  two  regions  will  be  treated  as 


variable  parameters.  Although  we  present  theoretioal  results  only  for  the 
j\j-  branch,  it  is  clear  from  a etudy  of  the  factors  responsible  for 
distortions  produced  by  observations  tlirough  cooler  gas  layers  thAt,  for 


example,  the  Rg  - branch  will  be  modified  in  roughly  the  same  manner  as  th# 
1»  . branch.  Hence,  although  the  use  of  iso  intensity  methods  is  advantageous 


la  minimising  the  effects  of  self-absorption  for  the  Bg»  breach,  the  use 
of  the  H.,-  branch  becomes  less  significant  If  distortion  by  temperature 
gradient 3 le  also  of  Importance.  It  Is  gratifying  to  note,  however,  that 
the  dletortioas  resulting  from  tomperature  gradients  are  reduced  if  the 
extent  of  self-absorption  Is  diminished. 


minis.  aJL  Theory  for  leak  Intensities 

Consider  an  isothermal  region  at  te.-nperr.turo  T with  properties  X,  , 

^aax’  £ = 1 - ejQ)  (»rw^^)  which  ie  observed  through  an 

isothamal  region  at  temperature  T*  with  properties  X‘,  p « . p (\)a  \ 

V max  A u ' 

and  £ ' = 1 - exp  x').  The  maximum  obeervable  intensity  for  the 

spectral  line  whose  center  lies  at  the  frequency  jg 

f p/O-i’). <]' 

■max*  R<')^n>  j £ ObVjJ*)  [<!/*•)  - (1/T)]l(l-  {_•).  (28) 


A conventional  plot  for  the  study  of  emleeion  experlnente  can  be  constructed 
according  to  the  3chema  outlined  below. 

(1)  For  T = 3000  K and  T*  = 1500°K  and  fixed  values  of  £.  (K  = 1)  and 

£ * (K  = 1)  for  the  P.-  branch  calculate  (i:  X)„  , and  (r  'X') 

a max  &=1  max  1 = 1. 

(2)  Calculate  the  ratios  3^u  (K,T)/S^U  (1=1, T)  and  (K, T1  )/£ (K  » 

(3)  Calculato  (f^  X)K  and  (PjyX»)y  and  hence  £ (X)  and  £»(K). 

(4)  heternine  from  iiq.  (28)  and  plot  logfl—JU^  u>3 J as  a 

function yy  (K). 


,3« Djscuosion  of  He  suite  for  Peeic  Intenaitiea 


The  results  of  numerical  calculations  are  eumniArized  in  Figs.  22  to  24 
for  £(K*1)  *»  0.3,  0.6,  0.7,  and  0.9,  respectively,  for  varying  values  of 
£ ' (K*l)  with  £ *(&■!)  4 £ (&■!).  Reference  to  Tigs.  22  to  84  clearly 


22- 


showe  that  observations  throng  a cool  Isothermal  region  accentuate  the 
distortion  observed  for  self-absorption  alone*  For  example,  for 
£ (KpI)  «=  £•  (16*1)  * 0.3  a definite  curvature  is  observed  (Of.  fig.  22) 
whereas  for  £ (R*l)  » 0.3  and  £•  (3*1)  - 0 a linear  plot  with  a nearly 
"normal"  temperature  obtains  (Cf.  Fig.  1).  For  strong  self-absorption 
both  in  the  hotter  and  cooler  gas  layers,  oxtonsivo  self-reversal  nay 
occur11  leading  to  no  real  values  for  the  "temperature"  (Cf.  Figs.  23  to  25). 

It  should  perhaps  be  emphasised  that  the  data  shown  in  Figs.  22  to  25 
are  only  of  qualitative  significance  in  so  far  as  application  to  reel 
fl«ne3  is  concerned.  Furthermore,  the  results  are,  of  courne^nodified  if 
appropriate  plots  for  total  intensities  are  used  instead  of  plots  for  peak 
intensities.  In  general  one  would  expect  the  extent  of  distortion  to  be 
somewhat  diminished  for  total  intensity  measurements.  Detailed  calculations 
will  not  be  presented  here  3ince  the  precise  evaluation  of  the  integrals 
Involved  is  somewhat  laborious  and  since  the  results  would  add  little  to 
the  qualitative  conclusions  stated  above. 

VII.  Ail-LICATIQN  TO  FLAMES 

It  1 3 evident  that  none  of  the  quantitative  roaults  presented  for 
Idealized  systems  in  Sections  II  to  VI  apply  to  real  flames.  Nevertheless 
it  is  perhaps  justifiable  to  perform  some  extrapolation  to  red  systems. 

To  begin  with,  it  is  clear  that  observed  "anomalies"  b»  explained 
by  distortion  of  experimental  data  through  self-absorption  and/or  temperature 
gradients.  In  order  to  make  observable  anomalies  appear  real  it  is  there- 
fore necessary  to  perform  experiments  proving  that  distortion  of  data  does 
not  play  a significant  role.  The  proof  should  be  direct  and  not  inferential. 


O 


11 


B.  D.  Cowan  and  0.  H.  Dioks,  Hers.  Mod.  Fhya.  418  (1948) 
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Xn  order  to  emphasise  the  foot  that  Inferential  proof  nay  ha  no  proof 
^ at*,  all  wo  consider,  for  example,  an  lao thermal  ayatam  at  3000°K  with 

£ i (1)  * 0.70  for  the  Pj-  branch.  Conventional  interpretation  of  emission 
experiments  (Cf . Tig.  l)  will  then  ahow  experimental  data  which  can  be 
correlated  by  intersecting  straight  lines  leading  to  a rains  of  Ta*  — 5000°K 
for  the  ^ H - state  for  104  t 4 20  (Of.  Table  XX).  Next  absorption 
experiments  are  performed  with  a light  source  at  8000°K  and*  considering  the 
Inevitable  soatter  of  experimental  data,  the  observed  results  are  woll 
correlated  by  a single  straight  line  with  1 3650 °K  (Of.  Fig.  6).  On 

the  basis  of  these  experimental  results,  one  oould  argue  with  rigor  for  a 

A 

nearly  "normal"  distribution  of  OH  In  the  ground  ( if)  state  and  for  abnormal 
excitation  of  CH  in  the  excited  (2  ) state.  For  the  c&ee  under  discussion, 

In  spite  of  the  seemingly  convincing  inferential  erldenoe,  the  conclusion 
mould  obviously  be  erroneous. 

12 

{ ,fe  have  presented  previously  a critical  review  of  available  experimental 

evidence  for  anomalous  population  temperatures  In  flames  in  which  we  emphasised 
the  lack  of  unequivocal  evidence  either  for  or  against  the  reality  of  the 
anomalies,  noting,  however,  the  wealth  of  inferential  evidence,  in  favor  of 

a non-equilibrium  distribution  of  08,  presented  by  day  don  and  Wolfhard.1  We 

a 

did  not  intend  to  replace  a temperature  anonely  byA  concentrate  on  anomaly. 

Bather  we  were  interested  only  in  showing  that  ac  yet  the  experimental 

evidence  it  not  sufficiently  clear  to  warrant  quantitative  interpretation. 

We  have  proposed  a two-path  method  which  eliminates  ell  errors  arising  fxoa 

self-absorption  in  isothermal  systems  for  spectral  linos  with  Soppier 
13 

contour.  However,  we  do  not  consider  tbs  method  to  be  exactly  valid  for  the 
study  of  regions  of  aetlvs  combustion.  9m  only  conclusion  which  we  fee 1 


3.  3.  Fenner,  J.  (Sham.  Phys.  Attest'  (1982). 

3.  8.  Peaner,  J.  Chen.  Phys.  ^*5/1(1982). 
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Justified  in  stating  at  ths  present  tins  is  that  the  spectroscopic  study 
of  regions  of  aotire  combustion  is  useful  for  species  identification  and 
■sy,  in  time,  lead  to  a valid  quantitative  picture,  for  example,  of  OK 
rotational  temperatures  and  OH  concentrations.  The  final  analysis  may- 
pro  ve  or  disprove  the  reality  of  anomalies.  However,  we  shall  find  such 
proof  convincing  only  if  every  precaution  has  been  taken  to  eliminate 
instrumental  errors  and  all  necessary  corrections  for  distortions  have  been 
made  by  a realistic  study  of  temperature  gradients  end  of  the  extent  of  self- 
absorption.  In  this  connection  we  wish  to  emphasize  again  the  fact  that  the 
use  of  the  Isointensity  method  for  the  branch,  with  proper  consideration 
for  all  of  the  precautions  mentioned  by  Dieka,^  will  minimize  self-absorption 
errors.  However,  the  uee  of  the  Bg-  branch  is  not  sufficient  to  eliminate 
the  coupled  effects  of  self-absorption  and  temperature  gradients  (compare 
Section  71). 

The  question  of  the  reality  or  fiction  of  anomalous  rotational,  vibrational, 

and  electronic  temperatures  for  OH  in  flames  is  of  practical  importance  in 

connection  with  the  development  of  rigorous  theories  of  one- dimensional 

laminar  flame  propagation.  A review  of  observed  nnomelioe  shows  uniformly 

high  population  temperatures  not  only  for  OH  but  also  for  other  chemical 

species.  On  the  other  hand,  theoretical  stadias  by  Golden  and  Peiser  show 

15 

a low  rotational  temperature  for  newly  formed  HBr.  If  non-equilibrium 
distributions  persist  in  flaxes,  the  attempts  at  a rigorous  calculation  of 
burning  velocities  for  one-dimensional  flame  propagation  are  enormously 
complicated  because  of  our  completely  inadequate  knowledge  of  detailed 
reaction  mechanisms,  particularly  between  molecules  and  radicals  In  excited 

J.  0.  Hi rschf elder  and  0.  f.  Curtiss,  J.  Chen.  rhyt.  12,  1076  (1949). 

3.  Golden  and  A.  H.  Peiser,  J.  Ohms.  Pbys.  12*  330  (IMS), 


hypothesis 

states.  Die  wstwttxsn  that  spectroscopic  investigations  yield  information 
about  side  reactions  and  can  therefore  be  Ignored  in  a realistic  formulation 
of  the  detailed  reaction  steps  in  flasies  is  not  altogether  satisfying  since 
energy  must  be  conserved  and  we  have  as  yet  no  detailed  knowledge  concerning 
energy-deficient  chemical  species  in  the  reaction  zones  of  flames.  For 
this  reason,  continued  speotrosoopic  studies  of  flames  are  of  interest  not 
only  in  ascertaining  details  concerning  the  particular  reaction  steps  which 
can  be  studied  conveniently,  but  they  also  have  a bearing  on  such  parameters 
as  the  linear  burning  velocity,  etc. 

In  conclusion,  the  author  takes  pleasure  in  expressing  his  appreciation 
to  Ors.  0.  E.  Wulf  and  H.  3.  Tslen  for  helpful,  comments.  2he  numerical 
work  was  performed  by  X.  I.  Bjorns  rod  end  H.  W.  Kavanagh, 
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APPXHDIX  I.  BASIC  BELA®  I OHS  IK  TEENS  0®  TOTAL  BUTTED  IHTittSITIlS 

The  exp res alone  given  in  Section  II  require  elicit  modifications  when 
total  intensity  ratios  rather  than  peak  Intensity  ratio*  are  available. 

If  the  apparent  integrated  intensity  of  the  spectral  line  with  center  at  the 
frequency  a is  denoted  by  the  sjabol  A(V|  u),  then,  as  is  well-known* 

A(v/a)  =4  Jr i (r^ojxi  ! x“). 

\ amO  ~ 


Fro n Eqs.  (1)  and  (A»l)  it  follows  that 


*»*  " T A(VX  u>/  d <“2/*  7 (*•*) 


idle  re 


( w -1  \ * 

(*WT  *>/^  ft-*)*  fa*D»1  «“j  [i  - «p  (-P^  X)]  . (A-a) 

Since  J =»  l for  X«l,  it  is  apparent  from  Eqe.  (7)  and  (Ac2)  that 


aax 


1 for  1 for  all  lines.  (A-4) 


kff., 


Equation  (a-4)  is  the  expression  which  ie  usually  enployed  for  the 

interpretation  of  experimental  data.  The  value  of  y is  plotted  as  a function 

of  I*  X in  Fig.(A-l). 
sax 

When  conventional  plots  for  the  detenaination  of  population  temperatures 
are  constructed  according  to  Sq.  (A»4)  for  arbitrary  values  of  £ 1 (1), 
results  (substantially  equivalent  to  those  shown  in  Tig.  1 are  obtained.  In 
this  case  the  quantity  A(v\#u)  can  be  calculated  from  £q.  (A~2)  after  obtain- 
ing by  use  of  the  procedure  described  in  Section  IIB.  Construction  of 


* R.  Ladenburg,  Zeits.  f . Physlk  fig,  200  (1930) 
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curres  analogous  to  those  shown  for  the  P^-  and  P^-  branches  in  Tigs.  2 
and  3 lands  to  the  conclusion  that  the  separation  between  lines  belonging 
to  the  Pj-  and  Pg*  branches  le  slightly  decreased* 

APPHTPIX  II.  POPULATION  TatPENAlTUKOS  MSE)  ON  APPAJfiBT  TOTAL  AUSOaPTIOB 
MSAUH3M2STS  FOR  SI-SGTBAL  UNSS  VI TH  l»PPLi3l  contour 

It  is  readily  shown  that  the  apparent  ;otal  absorption  Aj  is  related 
to  the  peaJc  absorption  through  the  expression 

Vx*  *T  • J ■ <“2/21TM!6>4  (A  -8) 

where  "jT  is  given  by  j io*  (A  -3).  3y  the  use  of  Ilqe.  (A*>3)  nnd  (A*-J,  it  is 
a sinple  natter  to  convert  tha  data  given  in  Figs.  4 to  7 to  tho  correspond- 
ing plots  involving  A^,.  The  .'alues  of  t o a function  of  P^^  X Jit-vo  been 
given  in  Fig.  (A-l).  Conclusions  derived  from  conventional  plots  in  toms 
of  A^  for  estimating  population  tenperaturer  do  not  differ  significantly 
fron  the  material  given  in  Section  III,  for  the  range  of  spectral  enisaivities 
considered  in  the  present  analysis. 
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Tig.  1 Conventional  plots  for  the  determination  o f rotottBMi  tenpammx** 
of  OH  la  fuel*  si  on  for  various  a**un ed  value*  of  £.*•  (1)  for  the 
iy-  branch,  trSHeitlonc.  (Q,aW  band.  jMOOoV. 

Tig.  2 Conventional  plots  for  the  determination  of  rotational  tocrperaturoa 
of  OH  in  emission  for  tlie  ly-  aw!  P.,-  branches  — r " JP 

transition*,  (0,0)-  hand,  2 - 3000^.,  £♦  (1)  a .30  for  tha 

*y-  branch]. 

71  g.  3 Conventional  plots  for  he  determination  of  rotational  * enr aratare* 

of  OH  in  emission  for  the  iy»  and  P}-  breach**  f~ 
transitions,  (0,0)-  land,  7 * 3000°:,  £’  (1)  ».S0  for  tha 

?j-  branahj. 

Tig.  4 Con  ven  ti  on  A plots  for  the  determination  of  apparent  population 

temperatures  fjf  of  the  gron nd  electronic  state  fron  aoeorption 
experiments  for  different  tempo mtn res  of  the  light  source 
»,[  *T-f*£  transitions  of  OH,  (0,0)-  bend,  - branch* 

T a 3000°/,  0O  0 ) * 0.10;  the  >rdlnete  for  the  plat  at 
Tj  * 8000°K  has  been  redneed  by  2*00  relative  to  tbs  plot  for 
Ts  * 400^t  J . 

fig,  6 Conventional  plots  for  the  determination  of  apparent  population 
temperature*  f of  the  ground  eleotmnlo  state  fron  absorption 
oxporinent#  for  different  temperatureo  of  the  light  source 
$g[S|f  —*  2 2T  transitions  of  OH,  (0,0)-  hand*  jy»  branch, 

* p 9b00°lt,  l*‘  (!)•  0*80  ] . 


r.js 


t £ 


Liar  or  tioohes 


TiC.  1 Conventional  plots  for  the  determination  of  rotational  temperatures 
of  OH  In  emission  for  various  assumed  values  of  £'  (1)  for  the 
Pj-  branch,  2£  -*  2 ff  transitions,  (0,0)-  band,  *=3000°K. 

fig.  3 Conventional  plots  for  the  determination  of  rotational  temperatures 


of  OH  in  emission  for  tlio  p^,-  and  P^-  branches  £ T - li 
transitions,  (0,0)-  band,  T * 3000°K,  £•  (1)  • .90  for  the 
Pj-  branchj. 

Tig.  3 Conventional  plots  for  the  determination  of  rotational  temperatures 
of  OH  in  emission  for  the  Pj-  and  P^-  branches  2£  — * 2]J" 

transitions,  (0,0)-  band,  f * 3000°K,  £ • (1)  *.60  for  the 

P^-  branchj . 

Jig.  4 Convention^,  plots  for  the  determination  of  apparent  population 

temperatures  Tg*  of  the  ground  electronic  3tate  from  absorption 
experiments  for  different  temperature i of  the  light  source 
*s[2T-si:  transitions  of  OH,  (0,0)-  band,  branch, 

T = 3000°Z,  <X‘  (1)  * 0.10;  the  ordinate  for  the  plot  at 
Ts  = eooO°K  has  been  reduced  by  2.00  relative  to  the  plot  for 
Ts  » 4000°k]  . 

Tig.  6 Conventional  plots  for  the  determination  of  apparent  population 
temperatures  T^1  of  the  ground  electronic  state  from  absorption 
experiments  for  different  tenperatureo  of  the  light  source 


Tg  £2  J["  — * 2 27  transitions  of  OB,  (0,0)-  band,  *j-  branch, 
T m 9000%  OC  (1)  - 0.30  J • 
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nc.  6 Conventional  plots  for  the  do  termination  of  apparent  population 
temperatures  1 of  the  ground  electronic  state  from  absorption 
experiments  for  different  temperatures  of  the  light  source 
*,[2F  ~+  2 2T  transitions  of  OH,  (0,0)-  band*  Pj-  branch, 

T - 3000°X,  « • (!)■  O.'kTJ. 

1U.  7 Conventional  plots  for  the  determination  of  apparent  population 
tempera tares  • of  the  ground  electronic  state  from  absorption 
experiments  for  different  temperatures  of  the  light  source 
Tj£2]]"  2 transit lona^QH,  (0,0)-  band,  P^-  branch, 

T * 3000 °X,  « * (1)  « O.Soj. 

Tig.  8 The  ratio  (X)/l[uAT  (1)  as  a function  of  X for  the  Pj-  branch, 

(0,0)-  band,  2£  -•  2 “fj"  tranaitions  of  OH  at  3000°X  for  different 
values  of  £»  (1), 

Tig*  9 The  ratio  A(X)/A(1)  aa  a function  of  X for  the  Pj-  branch,  (0,0)-  bandj 
2 7 * 2 IT”  tranaitions  of  OB  at  3000°X  for  different  values 

of  V (!)• 

!2 

*U  ^[^U  (K)]  /«u  (K,) 

L^j^u  f(ir  llneB  with  equal  peak  intensities  at  3000°* 

as  a function  of  £>  (1)  for  the  Fj-  branch,  (0,0)-  bend, 

3^T  -V  2 "If"  transitions  of  OB. 

Tig.  11  Plot  of  (X)  - ^ (X»)]  vs.  log | g^  (X)  [q^u  (X)]2^  (X») 

x[Hu  (X«)]  2j  for  lines  with  equal  total  intsnsltias  at  3000°K  as 
a function  of  £’  (1)  for  the  T^«  branch,  (0,0)-  band,  2^T— ♦ 2”|j* 
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transitions  of  OB, 


*c»  12  Conventional  plot*  and  apparent  tagperatur—  for  various  binodal 
distribution*  of  OB, 

Tig.  13  Conventional  plot  and  apparent  temperatures  for  r * 5 x 103. 


Fig.  14  Conventional  plot  and  apparent  temperature o for  r = 10  . 


Tig.  15  Conventional  plot  and  apparent  temperatures  for  r*»  2 x 10' 


Fig.  16  Conventional  plot  end  apparent  tonperaturoa  for  r = 4 x 10v 


Tig.  17  Conventional  plot  and  apparent  temperatures  for  r » 6 x 10  . 


Tig.  13  Conventional  plot  and  apparent  temperatures  for  r = 8 x 10°. 

Tig.  19  Isointensity  plots  and  apparent  temperature*  for  r * 5 x 102, 
.and  , 

1 x 10  .a  2 x 10  . 

Tig.  SO  Isointensity  plots  end  apparent  temperatures  for  r » 4 x 10  , 

6 x 103,  and  8 x 103. 

2 4 

Fig.  ZL  Isointensity  plot*  and  apparent  temperatures  for  r » 10  , 10  , 
and  10®. 


Fig.  22  Conventional  plots  for  tho  interpretation  of  emission  experiments 
with  two  adjacent  isothermal  regions  a.t  1500  and  3000°K, 
respectively,  for  £(X*  1)  * 0.3  for  the  Pj-  branch. 


Fig.  23  Conventional  plots  for  the  interpretation  of  emission  experiments 
with  adjacent  isothermal  regions  at  1500  and  3000°!,  respectively, 
for  £ (X  m 1)  ■ 0.5  for  th*  F^  - branch. 
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Wff*  24  Contcnfcionid  plots  for  -hr  interpretation  of  OBiSBion  axporiir»eats 
with  tvo  adjacent,  iso  the mid  regionc  it  1500  and  SOOO°K, 
respectively,  fo;  £.  (K  s=  1)  - 0„7  for  the  Ij-  branch. 


Pig.  25  Conventional  clots  fcr  die  intorprotaiicn  of  jaiaaioc  experisaatn 
vith  t-/o  adjacent  iooth-jrr.nl  rrglono  it  1500  and  30C0°K, 
respect! /aly,  for  £ (K  *=  1)  - 0.9  for  this  P,--  trnnch. 

Pie*  (Ar-l ) The  qu.uit.ity  £ as  a function  of  P Z. 

I ncc 

Figs.  (1)  to  (3)  correspond  to  Figs.  (1)  to  (3)  cf  Part  I in  7.11.  j*5. 

Figs,  (4)  to  (7)  "orreepond  to  Fige  (1}  to  (4)  cf  Part  II  in  T.P.  r5 

Figs.  (5)  to  (11)  correspond  to  ‘’irs.  (1)  to  (l)  of  Part  III  in  T.P..  #5 

Pig.  (Ar-1)  corresponds  to  Fig.  (.v-1)  of  Part  I it.  T.P  ft. 

«* 

Tables  I and  II  correspond  to  Tallies  I and  II  >f  Part  I in  T.E.  #5. 

X 

Table*  III  and  IV  correspond  to  Tables  m and  TV-  of  Part  III  in  T.R.  #5. 
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